Optomechanical devices operated at their quantum limit open novel perspectives for the ultrasensitive determination of mass and displacement, and also in the broader field of quantum technologies. The access to higher frequencies implies operation at higher temperatures and stronger immunity to environmental noise. We propose and demonstrate here a new concept of quantum well photoelastic comb for the efficient coupling of light to optomechanical resonances at hundreds of GHz in semiconductor hybrid resonators. A purposely designed ultra-high resolution Raman spectroscopy set-up is exploited to evidence the transfer of spectral weight from the mode at 60 GHz to modes at 190-230 GHz, corresponding to the 8 th and 10 th overtone of the fundamental breathing mode of the light-sound cavities. The coupling to mechanical frequencies two orders of magnitude larger than alternative approaches is attained without reduction of the optomechanical constant g0. The wavelength dependence of the optomechanical coupling further proves the role of resonant photoelastic interaction, highlighting the potentiality to access strong-coupling regimes. The experimental results show that electrostrictive forces allow for the design of devices optimized to selectively couple to specific mechanical modes. Our proposal opens up exciting opportunities towards the implementation of novel approaches applicable in quantum and ultra-high frequency information technologies.
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Quantum coherent control of mechanical motion in atomic systems has been exploited since the early pioneering experiments with trapped ions.
1-5 Nano and micromechanical structures based on condensed matter devices extend these concepts with a great flexibility in design and the possibility to integrate different physical degrees of freedom. In addition, solid state devices allow the access to much higher mechanical frequencies, a critical requirement for quantum operation at higher temperatures and for the implementation of efficient ultrafast quantum information protocols. 6 The possibility to tailor the optical forces by sample design using material dependent electrostrictive forces was theoretically proposed in the context of waveguide optomechanics in Ref. 7. Here we propose and demonstrate through ultra-high resolution Raman spectroscopy, a quantum well photoelastic comb as a mean for the selective coupling of light to specific mechanical modes, and as a path to cavity optomechanics in the hundreds of GHz range, two orders of magnitude larger than alternative demonstrated technologies.
Most cavity optomechanical devices operate with vibrational frequencies f m below or in the MHz range, with some designs pushing that limit to a few GHz.
6 Attaining higher mechanical frequencies without compromising other operational parameters is of critical relevance for various reasons. Firstly, to initialize a mechanical oscillator in the ground state at thermal equilibrium, the condition k B T /hΩ m << 1 has to be realized (here Ω m = 2πf m ). Reaching the ground state (that is, the condition n < 1, with n the average occupation number) is challenging for low-frequency oscillators, with groundstate cooling with conventional cryogenics requiring at least GHz oscillators. Secondly, higher frequencies are also relevant for displacement measurements. Quantum fluctuations of optical forces impose a limit on how accurately the position of a free test mass (e.g., a mirror) can be measured. [8] [9] [10] [11] [12] The so-called standard quantum limit determines the minimum possible phonon number, which defines the ideal performance for continuous position detection, critical e.g. in gravitational wave detectors such as LIGO or VIRGO. The resolved side-band condition Ω m > κ, with κ being the optical (photon) dissipation rate is searched for to realize mechanical ground state cooling with light. 6 And thirdly, the Qf product is a direct measure for the degree of decoupling from the thermal environment. Specifically, Q m f m > k B T /h is the condition for neglecting thermal decoherence over one mechanical period. Here the mechanical quality factor is Q m = Ω m /Γ m , with Γ m the mechanical (phonon) dissipation rate, k B is the Boltzman constant and T the system temperature.
6
As mentioned above, the state-of-the-art in high frequency cavity optomechanics has reached the few GHz range. [13] [14] [15] [16] Reaching higher mechanical frequencies has been hampered so far by the quality limits of top-down nanofabrication techniques such as lithography and etching, as well as the lack of suitable detection methods for the associated fast and minute mechanical motions. Recent work has shown that the so-called "Extremely High Frequency Range"(∼ 19 − 95 GHz) is available using Distributed Bragg Reflector (DBR) GaAs/AlAs semiconductor optomechanical resonators grown by molecular beam epitaxy methods (MBE), with three dimensional optical and mechanical confinement. 17, 18 In these materials photons can exert stress through radiation pressure 19 , electrostriction (linked to the materials photoelasticity) 7, 20 tial interaction involving real photoexcited carriers.
24-27
It turns out that below the absorption gap photoelastic mediated forces can become the leading contribution if electronic resonances are approached in hybrid optomechanical resonators containing direct bandgap materials as for example GaAs. 17, 28, 29 We will experimentally show here that this feature can be exploited using highly localized excitonic resonances in quantum wells to define photoelastic combs conceived to strongly, selectively, and efficiently couple confined photon states with specific ultrahigh frequency mechanical vibrations of the resonators.
We consider two planar microcavity structures, specifically a "bulk" GaAs and a multiple quantum well (MQW) resonator. The "bulk" GaAs microcavity, included to define a standard to which the QW comb structure will be compared, is made of a λ/2 uniform GaAs-spacer enclosed by (λ/4, λ/4) Al 0.18 Ga 0.82 As /AlAs DBRs, 24 pairs of layers on the bottom, 28 on top, grown on a GaAs substrate.
30,31 As we have demonstrated previously, this structure performs as an optomechanical resonator that simultaneously confines photons and acoustic phonons of the same wavelength. 17, 18 In the MQW microcavity the λ/2 spacer is constituted by six 145Å GaAs QWs separated by 61Å AlAs barriers. The DBRs in this case are Al 0.10 Ga 0.90 As /AlAs multilayers, 27 pairs on the bottom, 23 on top, grown again on a GaAs substrate. A scheme of this structure is displayed in Fig. 1(a) . Because of the resonant character of photoelastic coupling, 32 the associated optical force for photon energies close to the QW exciton resonance will be strongly localised at the QWs, and essentially zero everywhere else. The fundamental concept behind this design is thus to spatially place the QWs in positions where the strain related to the targeted cavity mechanical modes is maximum. We will term this as a "quantum well photoelastic comb".
The number of DBR periods in both structures is designed to assure an optical Q-factor Q ≥ 10 4 (cavity photon lifetime τ ∼ 5 ps). Because the contrast of index of refraction and acoustic impedance in the GaAs/AlAs family of materials is coincidently the same, 17 this also implies that the nominal mechanical Q-factors of the high-frequency (≥ 20 Ghz) mechanical modes will also be in the Q ≥ 10 4 range. This imposes strong requirements for the spectral resolution and bandwidth of the vibrational spectroscopy used. To this aim we have used a purposely developed Raman spectroscopy technique based on a tandem Fabry-Perot triple spectrometer multichannel set-up.
33
The system is composed of a single-pass Fabry-Perot (FP) interferometer coupled to a T64000 Jobin-Yvon triple spectrometer operated in additive configuration.
The light to be analyzed is collected from the sample by a lens, filtered through the FP, and then focused by a second lens into the entrance slit of the spectrometer. The FP contains two high-quality (λ/200) dielectric mirrors for the near infrared (99% peak reflectivity centered at 870 nm), which are kept parallel at a fixed distance by three high-quality (λ/200) cylindrical silica spacers. The mirrors are located in a sealed chamber connected to a pure Nitrogen gas distribution and vacuum system. As the resolution of the spectrometer is better than the FSR of the FP but not enough to resolve the width of its transmission peaks, the acquired spectrum consists of several broad resolution-limited peaks of which the relevant information is their integrated intensity. By repeating this procedure as a function of the gas pressure, we reconstruct the Raman profile with a sub-pixel resolution improved by two orders of magnitude. 33 The triple spectrometer is equipped with a liquid-N 2 cooled charge-coupled device (CCD) multichannel detector which allows for the parallel acquisition of the spectra transmitted through a large set of FP resonances. The excitation is done using a near-infrared Ti:sapphire single-mode Spectra-Physics Matisse TS ring laser, the 
R a m a n I n t e n s i t y wavelength of which can be locked to an external confocal cavity with a precision better than 2 × 10 −6 cm −1 . Cavity optomechanics spectroscopy was thus performed using such Fabry-Perot-triple spectrometer tandem in a double-resonant configuration in which both the laser and the scattered light are resonant with optical cavity modes of the structure. For the planar structure studied this can be accomplished by angle tuning and exploiting the in-plane dispersion of the optical cavity modes. 34 With this set-up the resolution of the triple spectrometer was improved from ∼ 0.5 cm −1 ∼ 15 GHz to ∼ 3 × 10 −3 cm −1 ∼ 90 MHz. A scheme of the method is illustrated in Figs. 1b-c. Figure 2 contains the main results of this work. Panels (a) and (b) show respectively the mechanical cavity modes determined by ultra-high resolution Raman scattering on the GaAs cavity and the QW photoelastic comb structure. The top spectra correspond to the (Bosecorrected) experiments, while the bottom spectra are the calculations described below. The top curves condense a set of different experiments, performed so that the double optical resonant configuration of Raman scattering 34 is selectively tuned at each and everyone of the observable mechanical cavity modes (note that only even order overtones of the fundamental mechanical cavity mode exist in these structures) 17 . All these experiments are then shown together in a single curve. The experiments where performed with the c.w. laser excitation set approximately 10 nm below the bulk GaAs and QW first direct gaps, respectively, at a temperature of 80 K. Theoretical calculations are all referred to the intensity of the bulk cavity mode at ∼ 60 GHz. Absolute experimental intensities cannot be determined in our experiment, and the optical alignment varies somewhat from one sample to the other. Consequently, the shown intensities for both structures were adjusted to match the magnitude of the corresponding calculated ∼ 60 GHz mode. The ∼ 60 GHz 2 nd overtone of the fundamental mechanical cavity breathing mode (at ∼ 20 Ghz) defines the GaAs cavity spectra (with only tiny contributions observable at the frequencies corresponding to the fundamental and 4 th overtones). Contrastingly, several modes characterize the MQW structure with a striking shift of spectral weight to the 8 th and 10 th overtones at ∼ 190 and ∼ 230 GHz.
The calculated spectra in Fig. 2 were obtained with a photoelastic model for the Raman cross section that fully takes into account the confined character of optical and mechanical waves. 35 A direct comparison of the measured and calculated mechanical confined mode intensities (integrated peak area) is provided in Fig. 3 . In this figure as in Fig. 2 the measured curves have been corrected by the Bose factor, so that the displayed intensities exclusively represent the optomechanical coupling factor and are not influenced by the thermal phonon population, which is naturally dependent on the involved frequency. We note that the average phonon number at 80K evaluated using the Bose distribution goes from goes from ∼ 30 for the ∼ 60 GHz mode to ∼ 8 for the higher frequency ∼ 200 GHz mode, and can be as low as 1 and 0.1, respectively, at 4 K. The agreement between experiment and theory evidenced in Fig. 3 is noteworthy, highlighting the applicability of the photoelastic model of optomechanical coupling to describe the involved Raman process.
Qualitatively it is possible to understand the physical origin of the observed mode intensity distribution based on a simplified expression for the Raman cross section R a m a n I n t e n s i t y [ r e l . u n i t s ]
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FIG. 3. (Color online)
. Measured (symbols) and calculated (continuous lines) Raman intensities (integrated peak area) for the bulk and photoelastic comb structures. Theoretical calculations are all referred to the intensity of the bulk cavity mode at ∼ 60 GHz. The experimental intensities for both structures were adjusted to match the magnitude of the corresponding calculated ∼ 60 GHz mode. The Raman intensities have been corrected by the Bose factor (see Eq. 1).
σ R 36,37 :
This equation provides σ R corrected by the Bose factor n(ω), the thermal phonon population. The spatial integral in Eq. 1 determines the photoelastic contribution to the optomechanical coupling factor g 0 . 29 In Eq. 1, ω is the phonon frequency, η 0 describes the elastic strain eigenstates, E(z) is the spatially dependent cavity optical mode and p(z) is the material-dependent photoelastic constant. Because of the choice of the laser energy, and its strong resonant behavior, we consider p(z) nonzero only in GaAs (i.e., in the full cavity spacer for the GaAs-cavity, and only in the QWs for the photoelastic comb structure). We will be interested here in the relative intensity of the vibrational modes, not in their absolute values so that the main physical ingredients are expressed in the functional form of Eq. 1. This equation essentially reflects the spatial overlap of the strain eigenstates with the cavity confined photon intensity in those regions where their coupling (given by p) is non-zero. Figure 4 presents a scheme showing the cavity confined optical and mechanical modes in the central layers of the cavity structures (GaAs cavity on the top, and QW photoelastic comb structure in the bottom). The calculated square of the photon field, and the spatial derivative of the mechanical displacement (i.e., the strain field η) corresponding to the fundamental breathing mode and its overtones are shown. For the GaAs cavity is clear that the best overlap is obtained for the 60 GHz mode, in agreement with the experiment. Indeed, the 20 GHz fundamental mode has maximum strain where the optical field is zero, while for higher overtones positive and negative strain lobes progressively compensate each other. This latter compensation can be inhibited by positioning the GaAs resonant material only at the position of strain lobes of the same sign, thus emerging the concept of QW photoelastic comb. For the MQW structure presented here the targeted mode corresponds to the 230 GHz 10 th overtone of the fundamental cavity mode. It turns out, however, that also the 190 GHz 8 th overtone results strongly amplified because the two central negative lobes of the corresponding strain field overlapping GaAs QWs (i.e., with finite photoelastic interaction) fall where the optical field is almost null.
The fact that the optomechanical coupling mechanism is photoelastic (i.e., related to an electrostrictive optical force) is further demonstrated by its resonant behaviour (contained in the laser energy dependence of p(z) in Eq. 1). Figure 5 presents three spectra corresponding to the GaAs cavity taken at different laser energies increasing from 1.478 eV up to 1.489 eV, and approaching the 80 K exciton resonance at 1.505eV. A notable enhancement ∼ ×5 of phonon amplitude is observed by only blue-shifting 10 meV the laser. The inset in Fig. 4 shows the amplitude of the 60 GHz mode, compared to the resonant behaviour of the square of the photoelastic constant as determined at 80 K in Ref. 32 . The horizontal scale ∆E measures the distance to the exciton res- R a m a n I n t e n s i t y onance. Note that only a vertical scale adjustment has been applied to the experimental amplitudes (absolute Raman cross sections are not accesible), evidencing both the strong resonant increase and a qualitative agreement with the expected overall behaviour of the photoelastic resonant enhancement.
In conclusion, we have proposed and demonstrated a quantum well photoelastic comb to access ultra-high frequency mechanical vibrations of DBR GaAs/AlAs optical microcavities. By placing GaAs quantum wells at the positions of maximum strain and exploiting the resonant character of the photoelastic interaction we have selectively enhanced the optomechanical coupling of high overtones of the fundamental breathing mode of the cavity, showing intense coupling up to 180-230 GHz. The resonant character of the coupling further identifies the photoelastic origin of the interaction, and highlights the potential of the proposed scheme to access strongcoupling regimes. The involved ultra-high vibrational frequencies imply for these modes in etched pillar structures with full 3D confinement and discrete spectra 18 single phonon occupation below ∼ 10 K, implying the possibility of quantum measurements and operations at standard cryogenic temperatures without the need of additional laser cooling. The potentiality of these devices for hybrid designs involving polariton condensates or single quantum dots in addition to the studied quantum wells, opens intriguing ideas combining different physical degrees of freedom for their application in quantum technologies.
